The ion exchange of Cs+ on a nonstoichiometric compound K0.87Ni0.57[NiFe(CN)6],nH2O (KNiFC) was examined by batch methods. The distribution coefficient of Cs+, Kd,Cs, was independent of Na+ concentration up to 5M (=mol/dm3), while it decreased with increasing concentrations of both K+ and NH+4. The separation factor for Cs/Rb, aCs/Rb, was 4.7x102 in the presence of 5M Na+. The decreasing order of Kd,Cs in the coexisting cations was found to be NH+4>K+, H+>Na+, Ca2+. The uptake of Cs+ on KNiFC followed a Langmuir-type isotherm and the maximum amount of Cs+ taken up was estimated to be 2.57+-0.074mmol/g. The free energy of K+_??_Cs+ ion exchange was calculated to be -5.4+-1.4kJ/mol by Kielland plot.
I. INTRODUCTION
Much attention has been focused on the selective removal of 137Cs from radioactive waste solutions(1) (2) . A number of studies have been carried out on the separation of Cs+ using ion exchange with various inorganic ion exchangers. Among them insoluble hexacyanoferrates have shown the highest selectivity for Cs+ and have been employed for Cs+ removal in the decontamination of radioactive wastes(3)- (7) . One of the most promising cesium-selective hexacyanoferrates is potassium nickel hexacyanoferrate (KNiFC) (6) and its preparation methods have been developed by Kourim(8) (9) and Vol'khin (10) et al.
The composition and structure of KNiFC have been studied. It was found to have a face centered cubic (FCC) structure with iron and nickel ions located at the corners of the elementary cubes, cyano groups on the edges and exchangeable potassium cations at the body center(11) (12) . The lattice parameter of the unit cell was estimated to be 1.012nm (12) and the FCC structure consists of narrow channel system, which gives the lattice an ion-sieving ability to larger hydrated cations. As for the adsorption properties, the distribution of Cs+ at tracer level has been examined by Kourim(8) . However, little is known about the ion-exchange selectivity in connection with the selective removal of Cs+ from radioactive waste solutions and especially about the influence of coexisting macro ions.
The present study deals with ion exchange selectivity and the uptake behavior of Cs+ in the presence of other cations.
II. EXPERIMENTAL
Preparation of KNiFC
Nonstoichiometric potassium nickel hexacyanoferrate (II) was prepared by slowly adding 150cm3 of 0.5M (=mol/dm3) K4[Fe(CN)6] to 200cm3 of 0.5Mm Ni(NO3)2 at a molar ratio of Ni/Fe=1.33. The composition of the product was found to be K0.87Ni0.57[NiFe(CN)6],nH2O (abbreviated as KNiFC). The theoretical ion-exchange capacity was estimated to be 5.92meq./g (2.58meq. K and 3.34meq. Ni). This value was calculated by using the dry weight of the exchanger . The water content was calculated from the weight loss after heating the sample at 180dc for 1d, and it was found to be 15.8%, corresponding to 3 .5 moles of water per mole of the compound. The product was ground and sieved to give a particle size of 20-50 mesh (0 .295-0.833mm), 50-100 mesh (0.147-0.295mm) and less than 100 mesh (under 0.147mm). For the determination of the ionexchange isotherm, the product was treated with 1M KCl solution in order to convert it completely into K+-form (K2[NiFe(CN)6]•7nH2O, abbreviated as K+-form KNiFC).
Ion Exchange Experiments (1) Determination of Distribution Coefficients
The distribution coefficient of Cs+ was determined by a batch method. A 7cm3 portion of aqueous solution containing 10ppm (7.5x10-5M) Cs+ labeled with 134Cs was shaken with 0.070g of the KNiFC sample in a centrifugal precipitation tube at 20dc for 5d. After equilibration, the aqueous phase was centrifugated at 3x104 rpm for 15min, and then the g-activity of the supernatant was measured with a well-type NaI(T1) scintillation counter (Wallac 1280 Ultragamma counter). The percentage of Cs+ removed from the solution, R (%), and the distribution coefficient of Cs+, Kd,Cs (cm3/g), were determined as (1) (2) where Ai, At and Af (cpm/cm3) are the counting rates at the start, at time t, and at equilibrium, respectively; m (g) the dry weight of the KNiFC sample; V (cm3) the volume of the aqueous phase.
The effect of following parameters on the Kd,Cs were studied by using the KNiFC sample: -Equilibrium time using different grain sizes , -Concentration of coexisting ions Na+ , K+, NH+4 and Ca2+ in the range of 10-4 -5M; in addition the Kd of trace Rb as a function of Na+ was determined, -Equilibrium pH , adjusted with 0.1M (H, Na) NO3, -Cs+ concentration in the range of 0.015-0.1M.
(2) Determination of Cs/K Ion-Exchange Isotherm The ion-exchange selectivity of K+-form KNiFC for Cs+ was examined by determining the isotherm of ion exchange for K+-Cs+ equilibrium (13)(14). The isotherm presents the equivalent ionic fraction of Cs+ in the exchanger phase as a function of that in the solution. Samples (0.070g) of K+-form KNiFC were equilibrated for 5d with 7cm3 of 0.1M (Cs, K) Cl solutions spiked with 134Cs . The solid was then separated by centrifugation and 134Cs activity of the solution was determined. Measuring changes in 134Cs activity in the solution, the concentrations of the exchanging ion in the solution and the exchanger were calculated . The temperature in these experiments was 25dc and the pH 8. (Fig. 5 ).
(4) Effect of Equilibrium pH on Kd,Cs
The effect of equilibrium pH on the Kd ,Cs is shown in Fig. 6 . Here the ionic strength (m) was 0.1 and the pH was adjusted by 0.1M (H, Na)Cl. The Kd,Cs slightly increased with pH, though relatively large Kd ,Cs values were obtained in a wide range of pH from 1 to 9.
Based on Figs. 2-6, we can concluded that the order of Kd ,Cs in the presence of coexisting cations was found to be NH+4>K+, H+>Na+, Ca2+, which closely resembles the order of the size of the hydrated cations (16) .
(5) Langmuir-Type Treatment of Cs Uptake with KNiFC The isotherm of Cs+ uptake by KNiFC is shown in Fig. 7(a) . The amount of Cs+ taken up by KNiFC approached a constant value at solution concentrations of Cs+ above about 20mmol/dm3. The profile of the isotherm suggests that the uptake of Cs+ follows a Langmuir adsorption equation (19) . The Langmuir equation is given by (3) where Ceq (mol/dm3) and Qeq (mol/g) are the equilibrium concentrations of Cs+ in the aqueous and solid phases, respectively; Qmax (mol/g) is the maximum amount of Cs+ taken up; K (dm3/mol) is the Langmuir constant. The equation can be rewritten as follows: (4) A fairly linear relation was obtained from the Langmuirplot as seen in Fig. 7(b) . The values of Qmax (mmol/g) and K (dm3/mol) were calculated to be 2.57+-0.074 and 6.0x102+-1.5x102 from the slope and intercept, respectively, by the least-squares method. The maximum amount of Cs+ taken up was close to the content of K+ (2.58meq./g) in the non-stoichiometric product, suggesting that Cs+ was exchanged only with K+. (6) Uniformity of Distribution of Cs+ in K+-form KNiFC In order to check the uniformity of the Cs+ distribution in a K+-form KNiFC granule, a sample saturated with Cs+ was submitted to electron probe micro analysis (EPMA, Hitachi X-650S). Photograph 1 shows the SEM image of the granule cross section, and the resulting line analysis of Cs-La. Figure 8 shows an energy dispersive spectrum (EDS) for the position "A" in Photo. 1. The Cs concentration in the granule was almost constant in the granule and Cs+ was found to be uniformly dispersed throughout the particle. EDS shows that Cs-saturated sample still contains the exchangeable K+ ions; about 40% of the exchangeable K+ ions in K+-form sample were exchanged with Cs+.
Equilibrium of K for Cs Exchange in
K+-form KNiFC To obtain data to compare with other Cs-selective The thermodynamic equilibrium constant for exchange of Cs+ for K+ is expressed as follows: (5) where XCs and XK are the equivalent ionic fractions of the corresponding ions in the exchanger phase, and XCs and XK are those in the solution. Since most probably only K ions participated in the exchange process, the isotherm was normalized so that the maximum uptake of 2.57mmol/g was considered as XCs=1 and all the other isotherm XCs values were normalized to this value. fCs and fK are the activity coefficients of the ions in the exchanger and fCs and fK those in the solution, The activity of the ions in the exchanger cannot be determined directly, and therefore the corrected selectivity coefficient, K', which is corrected by taking into account only the activity coefficients in the solution, is calculated as follows: (6) The ratio of the individual ions fK/fCs is equal to the ratio f2KCl/f2CsCl, where fKCl and fCsCl are the mean molar activity coefficients of KCl and CsCl, respectively. fKCl and fCsCl for the mixed 0.1M KCl-CsCl solution were calculated by the method of Glueckauf (21) using fKCl and fCsCl of the pure solutions obtained from the literature (22 
The value of K attained to 489, and hence a Gibbs standard free-energy, DGd, was found to be -5.4+-1.4 kJ/mol, which is considerably lower than those of Cs-selective zeolites such as ferrierite (DGd=-10.7 kJ/mol)(24).
IV . CONCLUSIONS
A nonstoichiometric compound K2-xNix/2 [NiFe (CN)6].nH2O (KNiFC) was found to have high distribution coefficient of Cs+, Kd,Cs. The value was above 105cm3/g in the presence of Na+, while it decreased with increasing K+ or NH+4 concentration. The separation factor for Cs/Rb was estimated to be 4.7x102 in the presence of 5M NaCl. The uptake of Cs+ followed a Langmuir isotherm and the maximum amount of Cs+ was estimated to be 2.57+-0.074mmol/g. This corresponds to the amount of K+ in the exchanger. The free energy for the ion exchange of K+_??_Cs+ was found to have the rather low value of -15.4+-1.4kJ/mol, suggesting high ion-exchange selectivity of Cs+ for K+-form KNiFC.
